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2 The Journal of Thoracic and Cardiovbjective: Prognostic factors for survival after bidirectional cavopulmonary anas-
omosis for functionally single ventricle are not well defined. We analyzed preop-
rative hemodynamic and echocardiographic data to determine risk factors for death
r transplantation at least 1 year after bidirectional cavopulmonary anastomosis.
ethods: Data for all patients who underwent bidirectional cavopulmonary
nastomosis before 5 years of age at our institution from September 1995
hrough June 2005 were analyzed. Available preoperative echocardiograms and
atheterizations were reviewed. Survivors were compared with those who died
r underwent transplantation. Bivariable associations between demographic and
linical risk factors and survival status (alive without transplantation vs dead or
ransplanted) were assessed with Wilcoxon rank sum test and 2 or Fisher exact
ests. Survival functions were constructed with Kaplan–Meier estimates, and
vent times compared between subgroups with log–rank tests. Cox proportional
azard modeling was used for multivariable modeling of risk of death or
ransplantation.
esults: One hundred sixty-seven patients underwent bidirectional cavopulmonary
nastomosis with hemi-Fontan (n  62) or bidirectional Glenn (n  105) opera-
ions. Three patients died before discharge, 11 died later, and 1 has undergone
ransplantation. Freedom from death or transplantation after bidirectional cavopul-
onary anastomosis was 96% at 1 year and 89% at 5 years. Multivariable analysis
f preoperative variables showed atrioventricular valve regurgitation to be an
ndependent risk factor for death or transplantation (hazard ratio 2.8, 95% confi-
ence interval 1.1–7.1, P  .02).
onclusion: Although survival after bidirectional cavopulmonary anastomosis is
igh, preoperative atrioventricular valve regurgitation is an important risk factor for
eath or transplantation.
 
he creation of a bidirectional cavopulmonary anastomosis (BCPA) for the
patient with a functionally single ventricle is an effective strategy for
intermediate staged palliation before the Fontan procedure.1 Initially de-
igned as the final surgical procedure for patients with single-ventricle physiology,
he BCPA evolved into an intermediate staging procedure for those patients who
ere deemed at high risk for proceeding directly to the Fontan procedure. 2,3 With
ounting evidence of improvements in survival and morbidity with the staged
pproach, the BCPA is now routinely used by most centers as a staging procedure
efore Fontan completion.4
Although echocardiograms and elective hemodynamic catheterizations are rou-
inely performed before BCPA in many cases, limited data exist in the literature
efining prognostic factors for survival after BCPA. The goal of this study was to
ascular Surgery ● July 2007
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Define which of the routinely collected preoperative vari-
bles were predictive of death or transplantation after BCPA
t our institution.
aterials and Methods
atient Population
he institutional review board for human research of the Medical
niversity of South Carolina approved the use of patient medical
ecords for this retrospective review. From 1995 through the present,
ur institution has routinely performed BCPA in patients with single-
entricle physiology as staged palliation before the Fontan procedure.
rom September 1, 1995, through June 30, 2005, a total of 167
atients 5 years old or younger with single-ventricle physiology
nderwent BCPA performed by a single surgeon (S.M.B.) at the
edical University of South Carolina. At the discretion of the sur-
eon, these patients underwent bidirectional Glenn or hemi-Fontan
perations. Data from all 167 patients are included in the analysis.
atient demographic characteristics, cardiac anatomic morphology,
erioperative variables, and hospital course were reviewed for each
atient. All patients’ courses were followed until death, transplanta-
ion, unavailability for follow-up, or June 30, 2006, whichever came
rst. A patient’s time to death or transplantation was censored if the
atient was lost to follow-up or did not experience transplantation or
ie by the end of the follow-up period.
tudy Design
omplete two-dimensional, pulse-wave Doppler, and color Dopp-
er echocardiograms and complete hemodynamic catheterizations
re routinely performed before BCPA at our institution. All avail-
ble echocardiographic and catheterization reports before BCPA
ere retrospectively reviewed for each patient. One hundred sev-
nteen echocardiograms (including all performed after March
999) and 163 catheterizations were sufficiently complete to allow
or data analysis.
chocardiograms
he last complete echocardiogram before BCPA for each patient
as included for analysis. Subjective grades for both atrioventric-
lar valve regurgitation and systemic semilunar regurgitation were
eported on an ordinal scale from 0 (none) to 4 (severe) in half-unit
ncrements. Similarly, ventricular function of the systemic ventri-
le was graded on an ordinal scale from 0 (severe dysfunction) to
(normal) in half-unit increments.
atheterizations
ll hemodynamic data were gathered retrospectively from reports
roduced at the time of the catheterization. Concomitant proce-
ures, including balloon or blade atrial septostomy and balloon
ilation of coarctation, were recorded. For those with interven-
ional procedures, hemodynamic data recorded after the procedure
Abbreviations and Acronyms
BCPA bidirectional cavopulmonary anastomosis
HLHS hypoplastic left heart syndromeere included in the analysis. a
The Journal of Thoractatistical Analysis
easures of central tendency and dispersion are expressed in terms of
edian and range (rather than mean and SD) because of observed
kewness in the distributions of predictor variables. Bivariable asso-
iations between demographic or clinical risk factors and survival
tatus (alive versus dead or having undergone transplantation) were
ssessed with Wilcoxon rank sum test and 2 or Fisher exact tests for
ontinuous and categorical variables, respectively. Survival functions
ere constructed with Kaplan–Meier estimates, and event times were
ompared between subgroups with log–rank tests.
To accommodate multivariable modeling, a multiple imputa-
ion model with predictive mean matching was used to augment
issing covariate data.5 Multiple imputation has been shown to
roduce efficient and unbiased estimates if the data are missing at
andom.5,6 Specifically, we assume that the quality of being miss-
ng was possibly associated with other observed variables but was
ot related to the value of the partially observed variable itself. In
ur data, missing covariate information was primarily attributable
o the year in which the patient underwent BCPA but was unre-
ated to the variable’s value, thus satisfying the missing at random
ssumption. According to recommendations that the imputation
odel contain a comprehensive subset of variables, we constructed
he multiply imputed data from a model containing the following:
ll perioperative variables (with the exception of balloon dilation
f coarctation and atrial septostomy), a variable indicating whether
he patient underwent BCPA before 2000, the time to death or
ransplantation, and a censoring indicator.7 Subsequent regressions
hat were based on the imputation data with Cox proportional
azard modeling were used to identify independent risk factors for
eath or transplantation. Risk estimates were obtained as the average
cross the regressions, with corresponding interval estimates reflect-
ng both within- and between-imputation variability.
The number of hazard regression model covariates was limited
y the total number of events (deaths or transplants) in the study.8,9
ecause of the small number of events in this analysis (15 total),
e considered for inclusion in the model only those perioperative
ariables found to be significant in univariate analyses. The pres-
nce of collinearity between predictors was investigated; if
resent, one variable was excluded from the final model. Both the
roportional hazards assumption and the functional form of con-
inuous model variables were assessed according to cumulative
ums of martingale-based residuals.10
All statistical tests were 2-sided, and type I error was controlled
t a level of .05. Analyses were performed with SAS (version 9.1;
AS Institute, Inc, Cary, NC), SPSS (version 14.0; SPSS Inc,
hicago, Ill), and Sigmaplot (version 10.0; Systat Software, Inc,
oint Richmond, Calif). Multiply imputed data sets were generated
ith the MICE package11 in R (R Development Core Team, 2005).
esults
atient Outcomes
f the 167 patients who underwent BCPA, 3 died within 30
ays of the operation (Figure 1). One of these patients had
bstein anomaly with pronounced atrialization of the right
entricle and severe tricuspid regurgitation and was unable
o be weaned from extracorporeal membrane oxygenation
fter a bidirectional Glenn operation, modified Blalock–
ic and Cardiovascular Surgery ● Volume 134, Number 1 83
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Daussig shunt, and tricuspid valvuloplasty. The other 2 patients
ad hypoplastic left heart syndrome (HLHS): 1 with bilateral
uperior venae cavae and moderate to severe tricuspid regur-
itation requiring a tricuspid valvuloplasty and profound re-
ractory cyanosis and the other with postoperative mediastinitis
nd peritonitis.
Six other patients died before undergoing a Fontan pro-
edure, at a median of 3.9 months (1.3–46 months) after
CPA. One with HLHS, moderate tricuspid regurgitation,
nd poor ventricular function died 1.5 months after BCPA,
ricuspid valvuloplasty, and Blalock–Taussig shunt. An-
ther patient with HLHS and severe tricuspid regurgitation
ied 3.3 months after BCPA and tricuspid valvuloplasty
hile being considered for transplantation. A patient with
ouble-inlet left ventricle morphology died for unknown
easons while at home 1.3 months after an uncomplicated
CPA. A patient with an unbalanced atrioventricular septal
efect and moderate common atrioventricular valve regur-
itation died 4.3 months after BCPA and common atrioven-
ricular valvuloplasty. A 4-year-old with a double-inlet left
entricle, severe ventricular dysfunction, and aortic regur-
itation died during catheterization to evaluate for trans-
lantation candidacy 3 years after BCPA. More than 3.5
ears after BCPA, a 5-year-old child with trisomy 21, an
nbalanced atrioventricular septal defect, and bilateral superior
enae cavae died. This child had undergone a common atrio-
entricular valvuloplasty and Blalock–Taussig shunt insertion
year after BCPA.
At 5 years of age, nearly 4.5 years after BCPA, 1 patient
ith HLHS, severe ventricular dysfunction, and tricuspid
egurgitation underwent orthotopic heart transplantation.
his patient is alive at a follow-up of 18 months. Six
atients became unavailable for follow-up before a planned
ontan operation (3.6%).
Ninety patients have undergone a fenestrated Fontan
rocedure at a median of 3.3 years of age (1.1–7.7 years).
ighty-five of these patients are alive at a median follow-up
f 3.8 years (4.7 months–9.2 years) from the time of Fontan
B
n
Death at BCPA
n = 3 
Death prior to 
Fontan 
n = 6 
OHT prior to 
Fontan 
n = 1 
Figure 1. Outcomes of 167 patients who underwent bi
follow-up for all patients was 1 year or occurrence ofompletion. Two patients died within 1 month of the Fontan e
4 The Journal of Thoracic and Cardiovascular Surgery ● July 2rocedure, and 3 died remotely at 2 months and at 1.4 and
.4 years from the time of Fontan completion. In the peri-
perative period, 1 child died as the result of mediastinitis
nd another child, with severe developmental delay, died as
he result of aspiration events. Of the 3 remote deaths, 1 was
s a result of a hypercoagulable state with resultant systemic
hromboembolic events across the fenestration, 1 was as a
esult of profound protein-losing enteropathy during con-
ideration for transplantation, and 1, of a child with trisomy
1, was caused by severe ventricular dysfunction, elevated
ontan pressures, and esophageal varices culminating in
rofound esophageal variceal bleeding.
The overall freedoms from death or transplantation for all
atients were 96% at one year and 89% at 5 years (Figure 2).
he median follow-up for all patients was 4.4 years (3 days-
0.7 years).
 
Awaiting 
Fontan 
n = 61 
Fontan 
n = 90 
eath at Fontan
n = 2 
Death after 
Fontan 
n = 3 
Alive after 
Fontan 
n = 85 
Lost to
 Follow-up 
n = 6 
tional cavopulmonary anastomosis (BCPA). Minimum
th or transplantation (OHT).
Freedom from Death or Transplantation
Time (years)
0 2 4 6 8 10 12
P
ro
b
ab
ili
ty
0.0
0.2
0.4
0.6
0.8
1.0
Number at risk:
N    164    155    131    107 93     68      55    39      32  27     13     0
BCPA
igure 2. Kaplan–Meier plot of freedom from death or transplan-
ation after bidirectional cavopulmonary anastomosis (BCPA) forCPA
 = 167
D
direc
deantire cohort (n  167).
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Demographic and Morphologic Characteristics
ivariable associations of demographic variables with sur-
ival status revealed no statistically significant differences
etween those who lived and those who died or underwent
ransplantation (Table 1). Among anatomic subtypes, only
hose who had the diagnosis of an unbalanced atrioventric-
lar septal defect or the presence of bilateral superior venae
avae were more likely to have died or undergone trans-
lantation. Among the study patients with bilateral superior
enae cavae, 2 patients underwent ligation of a small ac-
essory vena cava at the time of hemi-Fontan, whereas all
thers had bilateral BCPA performed.
No patient with tricuspid atresia (n  27) or pulmonary
tresia and intact ventricular septum (n 4) who underwent
CPA died or received a transplant in follow-up.
reoperative Echocardiography and Catheterization
nalyses of preoperative echocardiograms revealed that
hose who remained alive had less atrioventricular valve
egurgitation than did those who died or underwent trans-
lantation (Table 2). Those remaining alive after BCPA had
ower preoperative end-diastolic pressure of the systemic
entricle, lower transpulmonary gradient, and lower pulmo-
ary vascular resistance than did those who died or under-
ent transplantation.
erioperative Variables
roportionally, more patients who died or underwent
ransplantation (7/15) than those remaining alive (12/
52) underwent repair of the systemic atrioventricular
alve during BCPA (P  .001) (Table 3). Seventeen of
he 117 patients in this study with adequate preoperative
chocardiograms for analysis were found to have at least
oderate atrioventricular valve regurgitation. Thirteen of
hese 17 (76%) underwent repair of the valve at the time
f BCPA. Among those 13 patients who underwent repair
f the atrioventricular valve and had at least moderate
trioventricular valve regurgitation, 10 had HLHS, 3 had
n unbalanced atrioventricular septal defect, and 1 had
bstein anomaly; 2 with HLHS and 2 with an unbalanced
trioventricular septal defect died. Among the 4 patients
ho had at least moderate atrioventricular valve regur-
itation by echocardiography but did not undergo an
trioventricular valvuloplasty at the time of BCPA, 1 has
ndergone orthotopic heart transplantation.
Three of the 15 patients who have died or undergone
ransplantation had an additional source of pulmonary blood
ow through the insertion of a systemic–pulmonary shunt or
aintenance of native antegrade pulmonary blood flow, as
pposed to only 2 of the event-free survivors (P  .01). Of
he 4 patients who had a modified Blalock–Taussig shunt
laced at the time of BCPA, only 1 was alive at follow-up.
efore the operation, all 4 of these patients had relatively a
The Journal of Thoracmall pulmonary arteries according to the Nakata index and
lso had elevated mean pulmonary arterial pressures. Those
ho died or subsequently underwent transplantation were
echanically ventilated longer and had a longer total stay at
he time of BCPA.
reedom From Death or Transplantation
he Kaplan–Meier survival curves presented in Figures E1
hrough E6 show estimates of freedom from death or trans-
lantation to 11 years after BCPA in patient groups dichot-
mized by certain preoperative variables. In each of these
nalyses, it appears that the probability of freedom from
eath or transplantation diverges for each set of patients at
to 3 years after BCPA. In this study, the median time to
ontan operation after BCPA was 2.5 years (0.5-6.7 years).
o further evaluate the early risk of death or transplantation,
eparate survival analyses were done for all patients up to 3
ears from BCPA. All dichotomized patient groups shown
n Figures E1–E6 were also found to have significantly
ifferent transplantation-free survival rates up to 3 years
fter BCPA.
ultivariable Analysis
able 4 summarizes results of the Cox proportional hazard
odeling for 15 multiply imputed data sets. Multivariable
ABLE 1. Demographic and cardiac morphologic charac-
eristics of patients undergoing bidirectional cavopulmo-
ary anastomosis
haracteristic
Alive
(n  152)
Death or OHT
(n  15) P value
emographic
Age at anastomosis (mo) 6.7 (2.4–31.8) 8.0 (3.0–15.9) .43
Weight at catheterization
(kg)
6.1 (3.4–12.1)* 5.9 (4.1–10.7) .47
Male sex 93 (61%) 10 (67%) .68
Era (2000-2005) 97 (64%) 7 (47%) .19
orphologic
Left ventricular dominance 58 (38%) 4 (27%) .38
Hypoplastic left heart
syndrome
71 (47%) 8 (53%) .62
Unbalanced
atrioventricular septal
defect
10 (7%) 4 (27%) .02†
Bilateral superior venae
cavae
18 (12%) 5 (33%) .04†
Interrupted inferior vena
cava
8 (5%) 0 (0%) .999†
alues are median with range or number of patients for continuous and
ategorical variables, respectively. P values are obtained from Wilcoxon
ank–sum test (continuous variables) and 2 test (categorical variables)
xcept as noted. OHT, Orthotopic heart transplantation. *Data for 150
atients. †Fisher exact test.nalysis of preoperative variables showed only atrioventric-
ic and Cardiovascular Surgery ● Volume 134, Number 1 85
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Dlar valve regurgitation to be an independent risk factor for
eath or transplantation (hazard ratio 2.8, 95% confidence
nterval 1.1–7.1, P  .02). We considered the following for
nclusion in the model: atrioventricular valve regurgitation,
ingle-ventricle end-diastolic pressure, transpulmonary gra-
ient, and pulmonary vascular resistance. There was evi-
ence of moderate collinearity between pulmonary vascular
esistance and transpulmonary gradient (Spearman correla-
ion 0.6). With the additional concern of model parsimony,
e excluded pulmonary vascular resistance from the model.
ven with the imputed data, the total number of deaths or
ransplantations was small (15 events total), resulting in a
ate of 5 events per variable in the final 3-variable model.
his low event rate precluded investigation of variable
nteractions. Assessment of the proportional hazards as-
umption and the functional forms of the three model co-
ariates according to cumulative sums of martingale resid-
ABLE 2. Echocardiographic and catheterization variables
ariable No
chocardiographic
Atrioventricular valve regurgitation (0-4 ordinal scale) 109
Median
Moderate or more (3, No.)
Semilunar valve regurgitation (0-4 ordinal scale) 109
Median
Present (0, No.)
Single ventricle function (0-4 ordinal scale) 109
Median
atheterization
Single-ventricle end-diastolic pressure (mm Hg) 144
Median
12 mm Hg (No.)
Transpulmonary gradient (mm Hg) 132
Median
9 mm Hg (No.)
Pulmonary vascular resistance (U · m2) 135
Median
2 U · m2 (No.)
Mean pulmonary arterial pressure (mm Hg) 134
Median
18 mm Hg (No.)
Atrial pressure (mm Hg) 139
Median
7 mm Hg (No.)
Nakata index (mm2/m2, median) 134
Ratio of pulmonary to systemic resistance (median) 128
Ratio of pulmonary to systemic flow (median) 137
Balloon dilatation of coarctation 150
Atrial septostomy 150
values obtained with Wilcoxon rank–sum test (continuous variables) anals10 indicated adequate model fit. p
6 The Journal of Thoracic and Cardiovascular Surgery ● July 2iscussion
his study helps to define commonly collected preoperative
atient characteristics that distinguish patients at highest
isk for death or transplantation after BCPA. Despite the
entricular volume unloading associated with the BCPA
nd its possible favorable impact on atrioventricular annular
ilation, preoperative atrioventricular valve regurgitation
as found to be a significant risk factor for death or trans-
lantation after BCPA. Although an increase in atrioven-
ricular valve regurgitation has not been shown in other
nalyses12,14 to be associated with less favorable outcomes,
ur study suggests it to be an important short- and long-term
rognosticator. Although some patients with at least moderate
trioventricular valve regurgitation have fared well in our se-
ies and probably benefited from the hemodynamic conse-
uences of BCPA, an important subgroup fared poorly.
Previous studies found no decrease in survival among
ore bidirectional cavopulmonary anastomosis
Alive Death or transplantation
Value No. Value P value
8
2 (0–4) 3 (1–3.5) .01
12 (11%) 5 (63%) .01
8
0 (0–2.5) 0.5 (0–2) .10
26 (24%) 4 (50%) .20
8
4 (2–4) 4 (4–4) .31
15
8 (2–22) 11 (7–17) .02
25 (17%) 7 (47%) .01
12
6 (1–36) 8.5 (4–12) .03
20 (15%) 6 (50%) .01
10
1.8 (0.3–7.1) 2.4 (1.3–4.8) .01
55 (41%) 9 (90%) .01
12
13.3 (6–42) 16.5 (7–20) .12
17 (13%) 4 (33%) .07
13
7 (1–15) 8 (3–9) .41
72 (52%) 9 (69%) .26
198.5 (48–802) 14 184.5 (60–479) .27
0.11 (0.01–0.50) 10 0.13 (0.05–0.27) .18
1.16 (0.23–4.70) 11 1.04 (0.37–1.69) .24
20 (13%) 15 2 (13%) .999
6 (4%) 15 0 (0%) .999
er exact test (categorical variables).bef
.atients who underwent repair of the systemic atrioventric-
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Dlar valve at the time of BCPA.12,14 The need for atrioven-
ricular valve repair of any type was collinear with atrio-
entricular valve regurgitation in our analysis and strongly
ssociated with subsequent death or transplantation. This
nding is consistent with the analysis of the multicenter
ongenital Heart Surgeons Society database report of tri-
uspid valvuloplasty at BCPA in HLHS as an independent
isk factor for death after BCPA.15
It is probable that both the exact anatomic mechanism of
trioventricular valve regurgitation (whether annular dila-
ion, valve prolapse, chordal tethering, or another mecha-
ism) and the specific surgical approaches to the regurgita-
ion significantly affect survival after BCPA. In our study,
ecause of the relatively small numbers of patients with
eterogeneous anatomic diagnoses and unspecified mecha-
isms of valvular regurgitation, further meaningful analysis
nd interpretation of data from those who underwent val-
uloplasty was not possible. In the future, prospective stud-
es that delineate the exact mechanisms of atrioventricular
alve regurgitation by means of emerging technologies,
uch as 3-dimensional echocardiography, and the prospec-
ive collection of the surgical methods used to correct the
egurgitation will be essential in defining which subgroups
f patients have more favorable outcomes.
The interactions of pulmonary arterial pressure, atrial
ressure, atrioventricular valve regurgitation, and ventricu-
ar function contribute to the postoperative physiologic state
n patients who undergo BCPA. In previous studies, ele-
ated pulmonary arterial pressure after Glenn and Fontan
rocedures has been shown to be an independent marker of
oor long-term outcome.12,16 In this study, neither preoper-
tive atrial pressure, mean pulmonary arterial pressure, nor
ulmonary vascular resistance was found to be indepen-
ently associated with death or transplantation. We also
xamined transpulmonary gradient, which, representing the
ifference between pulmonary arterial and atrial pressure,
ABLE 3. Operative factors and postoperative course at
idirectional cavopulmonary anastomosis
Alive
(n  152)
Death or OHT
(n  15) P value
perative factors Value Value
Atrioventricular
valvuloplasty (No.)
12 (8%) 7 (47%) .001
Additional pulmonary
blood flow source (No.)
2 (1%) 3 (20%) .01
Hemi-Fontan (No.) 59 (39%) 5 (33%) .79
ostoperative course
Intubation time (d, median) 1 (0–54) 3 (1–39) .001
Stay (d, median) 8 (4–103) 14 (5–166) .01
values obtained from Wilcoxon rank sum test (continuous variables) and Fisher
xact test (categorical variables). OHT, Orthotopic heart transplantation.ncorporates both measurements. Although strongly associ- o
The Journal of Thoracted with time to death or transplantation in univariate
esting, transpulmonary gradient was not found to be inde-
endently associated with a poor outcome in this cohort.
Systemic ventricle end-diastolic pressure of at least 12 mm
g was found to be associated with decreased survival in
nivariate analysis but was not found to be associated with
oor outcome in multivariable testing. Because echocardio-
raphically assessed ventricular function was not different
etween groups, investigations of the important relationships
etween ventricular function and end-diastolic pressure and
trioventricular valve regurgitation could not be made.
Previous studies of patients with complete cavopulmo-
ary connections have shown heterotaxy syndrome to be
ssociated with poor long-term survival.13 In our study,
ommon anatomic components of either right or left atrial
somerism pertinent to the surgical approach required at
CPA were included for analysis. Those who underwent a
awashima variation of BCPA because of an interrupted
nferior vena cava with azygous continuation to a superior
ena cava were at no increased risk of death or transplan-
ation in follow-up when compared in univariate analysis
ith those who had an intact inferior vena cava. In univar-
ate analysis, the presence of bilateral superior venae cavae
and thus either ligation of a superior vena cava or bilateral
CPAs at the time of second-stage palliation) and unbal-
nced atrioventricular septal defect were associated with
eath or transplantation. Multivariable analysis, however, did
ot elucidate an independent effect of either anatomic variant.
n this study, no complete data existed to evaluate the influ-
nces of known chromosomal abnormalities, significant devel-
pmental delays, or the presence of pulmonary venous obstruc-
ion on transplantation-free survival after BCPA.
As suggested in separate actuarial transplantation-free
urvival analyses at 3 years of follow-up, at least some of
he risks that each subgroup carries are borne before or at
he typical timing of Fontan completion. The beneficial
emodynamic effects of BCPA for single-ventricle physi-
ABLE 4. Multivariable analysis based on 15 data sets
ith missing data multiply imputed: Independent risk fac-
ors for death or transplantation after bidirectional cavo-
ulmonary anastomosis (n  167)
reoperative variables
Hazard
ratio*
95% Confidence
interval P value
trioventricular valve
regurgitation
2.8 1.1–7.1 .02
ranspulmonary gradient (mm Hg) 1.1 1.0–1.2 .24
ingle-ventricle end-diastolic
pressure (mm Hg)
1.1 0.9–1.2 .34
otal number of deaths and transplantations was 15. *Hazard ratios are
ased on a 1-unit increase in the value of the corresponding covariate.logy have been well documented.17-19 Survival of patients
ic and Cardiovascular Surgery ● Volume 134, Number 1 87
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CH
Dltimately destined to undergo the Fontan operation has
een improved with the interposition of a BCPA operation.1
s defined by this and previous studies, some subgroups of
atients after BCPA have decreased survival at short- and
ong-term follow-up. Orthotopic transplantation after a bi-
irectional Glenn or Fontan operation has been associated
ith 10-year survivals comparable to those of patients under-
oing transplantation for other reasons.20 Further, Michielon
nd colleagues21 have suggested that BCPA could be consid-
red the best bridge to transplantation for patients with failing
ingle-ventricle physiology. With the identification and careful
ollow-up of patients at high risk for death, orthotopic trans-
lantation could be carefully considered for selected patients
efore attempts at Fontan completion. The use of the BCPA as
final palliative surgical procedure, as suggested by some
uthors, was not evaluated in this study, because all patients
ere intended to receive Fontan completion provided they did
ot first die or undergo transplantation.22,23
imitations
his study was retrospective in nature and subject to the biases
nherent in such analyses. In particular, this study was affected
y selection bias caused by including only patients on whom
CPA had been performed, not all patients for whom BCPA
as considered. This study was not designed or meant to
escribe interstage mortality or the rate of nonintervention for
ll patients who in the future might be candidates for BCPA for
natomic and physiologic reasons. Therefore, the results of this
tudy cannot be extrapolated to all patients for whom BCPA
ould be considered in the future.
Echocardiographic data were limited to 117 patients
ince 1999, and thus data for 6 of 15 patients who died after
CPA are not available. Quantitative analyses of ventricular
unction, such as the measurement of p/t, were not per-
ormed at the time of the initial reading.24,25 Additionally,
outine recordings of the angiographic grade of ventricular
unction or atrioventricular valve regurgitation were not avail-
ble to validate echocardiographic findings.
Complete data for a greater number of patients, and in
articular for those who died or underwent transplantation,
ould facilitate identification of other independent risk fac-
ors through multivariable modeling. The limited data in
his study preclude the full evaluation of complex interac-
ions that likely exist between the hemodynamic and mor-
hologic variables in these patients.
onclusions
ransplantation-free survival after BCPA is high when the
rocedure is used as a palliative before the Fontan proce-
ure. At least moderate atrioventricular valve regurgitation
s a significant risk factor for death or transplantation. The
lucidation of the complex relationships between ventricu-
ar function and atrioventricular valve regurgitation and the
8 The Journal of Thoracic and Cardiovascular Surgery ● July 2xact mechanism of atrioventricular valve regurgitation in
he patient with single-ventricle physiology are important
oals of future investigations. Careful consideration is
eeded to determine the best long-term management of
atients determined to be at high risk.
eferences
1. Alphonso N, Baghai M, Sundar P, Tulloh R, Austin C, Anderson D.
Intermediate-term outcome following the Fontan operation: a survival,
functional and risk-factor analysis. Eur J Cardiothorac Surg. 2005;28:
529-35.
2. Bridges ND, Jonas RA, Mayer JE, Flanagan MF, Keane JF, Castañeda
AR. Bidirectional cavopulmonary anastomosis as interim palliation for
high-risk Fontan candidates. Early results. Circulation. 1990; 82(5
Suppl):IV170-6.
3. Hawkins JA, Shaddy RE, Day RW, Sturtevant JE, Orsmond GS,
McGough EC. Mid-term results after bidirectional cavopulmonary
shunts. Ann Thorac Surg. 1993;56:833-7.
4. Pridjian AK, Mendelsohn AM, Lupinetti FM, Beekman RH 3rd, Dick
M, Serwer G, et al. Usefulness of the bidirectional Glenn procedure as
staged reconstruction for the functional single ventricle. Am J Cardiol.
1993;71:959-62.
5. Rubin DB. Multiple imputation for nonresponse in surveys. 1st ed.
New York: John Wiley & Sons; 1987.
6. Schafer JL. Analysis of incomplete multivariate data. 1st ed. London:
Chapman & Hall; 1997.
7. Van Buuren S, Boshuizen HC, Knook DL. Multiple imputation of
missing blood pressure covariates in survival analysis. Stat Med.
1999;18:681-94.
8. Concato J, Peduzzi P, Holford TR, Feinstein AR. Importance of events
per independent variable in proportional hazards analysis I. Back-
ground, goals, and general strategy. J Clin Epidemiol. 1995;48:
1495-501.
9. Peduzzi P, Concato J, Feinstein AR, Holford TR. Importance of events
per independent variable in proportional hazards analysis II. Accuracy
and precision of regression estimates. J Clin Epidemiol. 1995;48:1503-10.
0. Lin DY, Wei LJ, Ying Z. Checking the Cox model with cumulative
sums of martingale-based residuals. Biometrika. 1993;80:557-72.
1. Van Buuren S, Oudshoorn CGM. Multivariate imputation by chained
equations: MICE v1.0 user’s manual. Report PG/VG2/00.038, TNO
Prevention and Health, Leiden.
2. Alejos JC, Williams RG, Jarmakani JM, Galindo AJ, Isabel-Jones JB,
Drinkwater D, et al. Factors influencing survival in patients undergo-
ing the bidirectional Glenn anastomosis. Am J Cardiol. 1995;75:1048-50.
3. Gentles TL, Mayer JE Jr, Gauvreau K, Newburger JW, Lock JE,
Kupferschmid JP, et al. Fontan operation in five hundred consecutive
patients: factors influencing early and late outcome. J Thorac Cardio-
vasc Surg. 1997;114:376-91.
4. Mahle WT, Cohen MS, Spray TL, Rychik J. Atrioventricular valve
regurgitation in patients with single ventricle: impact of the bidirec-
tional cavopulmonary anastomosis. Ann Thorac Surg. 2001;72:831-5.
5. Ashburn DA, McCrindle BW, Tchervenkov CI, Jacobs ML, Lofland
GK, Bove EL, et al. Outcomes after the Norwood operation in neo-
nates with critical aortic stenosis or aortic valve atresia. J Thorac
Cardiovasc Surg. 2003;125:1070-82.
6. Day RW, Orsmond GS, Sturtevant JE, Hawkins JA, Doty DB, Mc-
Gough EC. Early and intermediate results of the Fontan procedure at
moderately high altitude. Ann Thorac Surg. 1994;57:170-6.
7. Seliem MA, Baffa JM, Vetter JM, Chen SL, Chin AJ, Norwood WI Jr.
Changes in right ventricular geometry and heart rate early after hemi-
Fontan procedure. Ann Thorac Surg. 1993;55:1508-12.
8. Forbes TJ, Gajarski R, Johnson GL, Reul GJ, Ott DA, Drescher K,
et al. Influence of age on the effect of bidirectional cavopulmonary
anastomosis on left ventricular volume, mass and ejection fraction.
J Am Coll Cardiol. 1996;28:1301-7.
9. Jacobs ML, Rychik J, Rome JJ, Apostolopoulou S, Pizarro C, Murphy
JD et al. Early reduction of the volume work of the single ventricle: the
hemi-Fontan operation. Ann Thorac Surg. 1996;62:456-61.
007
22
2
2
2
2
Scheurer et al Surgery for Congenital Heart Disease0. Jayakumar KA, Addonizio LJ, Kichuk-Chrisant MR, Galantowicz
ME, Lamour JM, Quaegebeur JM, et al. Cardiac transplantation after
the Fontan or Glenn procedure. J Am Coll Cardiol. 2004;44:2065-72.
1. Michielon G, Parisi F, Squitieri C, Carotti A, Gagliardi G, Pasquini L,
et al. Orthotopic heart transplantation for congenital heart disease: an
alternative for high-risk Fontan candidates? Circulation. 2003;108
Suppl 1: II140-9.
2. Yeh T Jr, Williams WG, McCrindle BW, Benson LN, Coles JG, Van
Arsdell GS, et al. Equivalent survival following cavopulmonary shunt:
with or without the Fontan procedure. Eur J Cardiothorac Surg.The Journal of Thorac3. Day RW, Etheridge SP, Veasy LG, Jenson CB, Hillman ND, Di Russo
GB, et al. Single ventricle palliation: greater risk of complications with
the Fontan procedure than with the bidirectional Glenn procedure
alone. Int J Cardiol. 2006;106:201-10.
4. Rhodes J, Udelson JE, Marx GR, Schmid CH, Konstam MA, Hijazi
ZM, et al. A new noninvasive method for the estimation of peak dP/dt.
Circulation. 1993;88:2693-9.
5. Rhodes J, Fulton DR, Levine JC, Marx GR. Comparison between the
mean dP/dt during isovolumetric contraction and other echocardio-
graphic indexes of ventricular systolic function. Echocardiography.CH
D1999;16:111-6. 1997;14:215-22.ic and Cardiovascular Surgery ● Volume 134, Number 1 89
Surgery for Congenital Heart Disease Scheurer et al
8
CH
DTime (years)
0 2 4 6 8 10 12
P
ro
b
ab
ili
ty
0.0
0.2
0.4
0.6
0.8
1.0
Rp < 2 U.m2
Rp    2 U.m2
Number at risk:
          N  116     111    93  78     70     51  42      32     28   24      11      0 
          N 46       44     39 31     25     18      15       9  6       5     3       0 
p < 0.01 
≥
BCPA
Figure E1. Kaplan–Meier plot of freedom from death or transplantation after bidirectional cavopulmonary anas-
tomosis (BCPA) by classification of pulmonary vascular resistance (Rp).
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Figure E2. Kaplan–Meier plot of freedom from death or transplantation after bidirectional cavopulmonary anas-
tomosis (BCPA) by classification of single-ventricle end-diastolic pressure (SVedp).9.e1 The Journal of Thoracic and Cardiovascular Surgery ● July 2007
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igure E3. Kaplan–Meier plot of freedom from death or transplan-
ation after bidirectional cavopulmonary anastomosis (BCPA) by
lassification of transpulmonary gradient (TPG).p
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